Abstract A multi-scale modelling framework was developed for predicting the mechanical properties of strand-based wood composites. This framework is based on closed-form analytical models at three different resolution levels; micro-, mesoand macro-mechanical. A preprocessing step was performed to provide the input data for the three main modelling steps in this framework. Finite element-based mechanical analyses were employed to verify the accuracy of the analytical models developed for the first two steps. The predictive capability of the entire framework was validated using a set of experimental data reported in the literature. Although the methodology presented is general, it has specifically been applied here to predict an important structural property (modulus of elasticity, MOE) of a special strandbased wood composite product, namely, oriented strand board (OSB). The MOE predictions of OSB panels showed reasonable agreement with the available experimental data, thus providing confidence in the practical utility of this easy-to-
Introduction
Strand-based wood composites are being widely considered as the sustainable choice of materials for structural members of modern buildings. Given the wide variety of wood composite products that can result from the combination of wood strands and resins and the manufacturing routes used to produce them, it is desirable to have quantitative tools that can predict the mechanical response of these materials for the purpose of structural analysis and design. There are several parameters that may affect the structural response of strand-based wood composites such as wood species properties, resin content, density profile, orientation of wood strands and layer assembly (Chen et al. 2008; Moses et al. 2003; Stuerzenbecher et al. 2010; Wong et al. 1999) . Designing wood composite products with suitable properties and at low costs requires a good understanding of the mechanics of these materials. It is also essential to have quantitative tools that can estimate the macroscopic behaviour of wood composite products under specific loading conditions based on their manufacturing process and microstructural details. The presence of these tools would enable strand-based wood composite manufacturers to optimize their products taking into account the balance of performance and costs.
Several modelling approaches have been proposed in the literature to predict stiffness and strength of strand-based wood composites (Arwade et al. 2009; Barnes 2000; Benabou and Duchanois 2007; Moses et al. 2003; Shaler and Blankenhorn 1990; Stuerzenbecher et al. 2008) . Among those, Shaler and Blankenhorn (1990) have considered the effect of flake geometry, flake orientation, density, resin content, and species. Arwade et al. (2009) proposed a stochastic model for parallel strand lumber (PSL) beams. Although they have considered the variability in strand length, resin content and presence of voids have been neglected. Barnes (2000) proposed an integrated model for predicting the strength of oriented wood strand products. Although Barnes (2000) has included many processing parameters in his model, it requires a wide range of experimental data and empirical equations which may be very time consuming and costly to obtain. Furthermore, the final model is only useful for a specific product. A two-step, fully numerical, multi-scale framework was previously developed by Gereke et al. (2012) for strand-based wood composites. The capability of this framework was examined for PSL. Although the strand orientation was considered by Gereke et al. (2012) , the presence of voids, imperfect bonding between the strands and density variation throughout the beam were ignored. From a practical standpoint, in most strand-based composite products, strands are partially covered with resin and voids are present. Additionally, strands are compacted due to the manufacturing process. Therefore, in order to develop an accurate analytical tool, more realistic assumptions need to be adopted.
A comprehensive multi-scale model which employs mechanistic, physically based equations can complement previous works in this area. Therefore, a micromechanical step has been added to the previously developed framework. Using this step, strand compaction and density variation throughout the composite product were considered. Additionally, microstructural features such as voids, wax and fines content, have been incorporated in the modelling approach. Unlike the previous multi-scale model presented in Gereke et al. (2012) , all the calculations in the current framework can be performed analytically. This would result in a reduction of effort to set up the problem and computational time required to solve it.
In the present approach, the effective mechanical properties of the material were obtained at the micro-, meso-and macro-scale sequentially. Analytical approaches presented in Gibson and Ashby (1999) and in Malekmohammadi et al. (2014) were employed to predict the material properties at the micro-and meso-scales, respectively. Numerical approaches (Gereke et al. 2011 (Gereke et al. , 2012 were used to check the validity of the analytical equations and the assumptions made therein. The last step involving the macro-scale was performed analytically using the results obtained from the previous steps, together with the applied load and structural member's geometry. Although the last step may need to be performed numerically [see Gereke et al. (2012) ] for complex geometries, loading and boundary conditions, only an analytical approach is presented here for a simple structural application. By maintaining an all-analytical approach for the various steps involved, the significance of errors incurred at each step on the final predictions could be better investigated.
In order to validate the complete modelling framework, the modulus of elasticity (MOE) of OSB panels with a range of through-thickness (i.e. cross-sectional) density profiles was predicted and compared with the experimental study conducted by Chen et al. (2010) .
Methodology
Framework description and main assumptions Figure 1 illustrates the multi-scale analysis framework in its general form for predicting the MOE of OSB panels. In a preprocessing step, parameters such as strand density, resin thickness and resin area coverage were back-calculated from panel characteristics (e.g. overall density, species, resin content) based on the following assumptions:
• Panel can be divided into multiple layers (depending on the required accuracy)
• Each layer consists of strands, resin, wax, fines and voids • Strand and resin volume fractions are constant within a layer but may vary from one layer to another, according to the vertical density profile (VDP) • Moisture, fines and wax content are constant throughout the whole panel • Uncompacted wood strands have the same physical and mechanical properties as those of the neat wood [e.g. given in Wood Handbook (Forest Products Laboratory 1999)] • Fines have the same density as strands within each specific layer
• Resin and wax are incompressible, while strands and fines are compressible • Strands are compressed in their radial direction (X 2 -direction in Fig. 2c) • Resin thickness is uniform around a single strand in each layer • Fines do not make any contribution to load transfer. Their presence only contributes to the density of the wood composite product.
Preprocessing step
Initially, and in order to provide inputs for other steps, a preprocessing step needed to be performed. In this step, the following parameters were determined for ''each layer'' first:
• Uncompacted strand density, (q s ) UC . Density of an uncompacted wood strand was calculated using the following equation given in the Wood Handbook (Forest Products Laboratory 1999): 
where the specific gravity (SG) values for several neat strands are provided in the Wood Handbook (Forest Products Laboratory 1999). The moisture content (MC) of the strand was assumed to be equal to the MC of the panel for a specific layer of interest.
• Resin volume fraction, V r . Assuming that the resin density, q r , is constant throughout the panel, the resin volume fraction in each layer was estimated based on the panel resin content by weight, W r , and the layer density, q layer , taken from panel VDP (see Fig. 1 ).
• Wax volume fraction, V w . Assuming a constant value for wax density, the wax volume fraction in each layer was estimated based on the panel wax content by weight, W w , and wax density, q w , as follows:
• Void volume fraction, V v . The void volume fraction in each layer was assumed to be proportional to the density of the layer, q layer . In other words, voids shrink at the same rate as the panel densifies during the manufacturing of the panel. The core layer in the centre of the panel was chosen as a reference layer (zero compaction) with known void volume fraction, (V v ) core , and density, q core , for this purpose. Therefore, as the layer density changes through the panel thickness, void volume fraction in each layer varies accordingly:
• Strand volume fraction, V s , and fines volume fraction, V f . Assuming that fines have the same density as the strand (i.e. q s ), in a given layer, their volume fraction was estimated as:
where W f and W s are the fines and strand weight fractions, respectively. Therefore, the strand volume fraction, V s , can be written as:
• Compacted strand density, q s . Having determined the strand volume fraction, V s , the strand density in each layer (compacted strand) was determined using the following equation:
• Compaction ratio, C r , is the ratio which is a measure of strand compaction in each layer and is defined as:
• Strand thickness, R. Strands are compressed in the direction normal to the panel (X 2 -direction in Fig. 2c ). Therefore, strand size varies through the thickness of the panel accordingly:
• Resin thickness, t r . Assuming the uniform coverage of strands by the resin, the resin thickness is constant in all three directions. Therefore, Eq. (6) may also be written in terms of the strand thickness, width, length (R, T, L) and the resin thickness, t r , as:
Assuming that the resin thickness is negligible compared to the strand length (t r \ \ L), the above equation may be simplified and solved for resin thickness, t r :
• Resin area coverage, R a . This parameter is defined as the ratio of actual area covered with resin (partial strand coverage) to the maximum available area to be covered by resin if there were only resin and strands in the panel (full strand coverage):
In deriving the above equation, it was assumed that fines act as voids and there is no bonding between the fines and the strands or between the fines and the resin.
Micro-mechanical step
Mechanical properties of strands in each layer (compacted strands) can be estimated from their constituents' properties and microstructural features such as microcellular geometrical parameters. Researchers have used both numerical (Gereke et al. 2011; Guo and Gibson 1999; Qing and Mishnaevsky 2009 ) and analytical methods (Gibson and Ashby 1999; Hofstetter et al. 2005 ) for this purpose. The numerical approach and the analytical approach employed in this framework are presented below. Additionally, the validity of the analytical approach in predicting the elastic moduli of both normal (uncompacted) and compacted strands was investigated.
Numerical approach
Knowing the SG of a given wood strand and the density of the solid cell wall material, q cw , at MC of 12 %, the micro-cellular geometrical parameters (l R , l T , t R , t T , a) of earlywood and latewood (see Fig. 2a for what these parameters signify) were computed using the following assumptions:
• Wood has a uniform, periodic cellular microstructure from which a unit cell of the material can be identified.
• The wood cellular microstructure is hexagonal and remains hexagonal ( Fig. 2) during compaction. See Gereke et al. (2011) and Qing and Mishnaevsky (2009) for more details.
The cell wall was modelled as an elastic laminate consisting of four layers: S1, S2, S3 and a compound middle lamella, CML (Fig. 2b) . The connection between the cell walls was realized with the CML, which homogenises the properties of the middle lamella and the primary wall in the model. The cell wall is a fibre-reinforced composite with cellulose fibres (micro-fibrils) embedded in the natural polymer lignin. The orientation of the micro-fibrils influences the mechanical properties of the cell wall. The micro-fibril angle (MFA) varies in the dominating S2-layer between 10°and 30°depending on the species, the age and the source of the cell, earlywood or latewood (Dinwoodie 1975; Kollmann and Cote 1968) . The MFA is incorporated as the inclination of the local X 1 material orientation of each secondary layer (S1, S2, and S3).
The microstructure of wood strands was idealized as a regular honeycomb structure consisting of hexagonal cells (Fig. 2) . A three-dimensional representation of the microstructure was realized in an FE model of the unit cell. The dimensions of the air-filled core (lumen), l R and l T (see Fig. 2a ), and the thicknesses of the cell wall layers, t S1 , t S2 , t S3 and t CML (see Fig. 2b ), represent the cellular geometry of the wood in the model. The angle a defines the inclination of the radial cell wall (see Fig. 2a ).
Once, the ratio of earlywood to latewood had been estimated, the property of a single strand was computed through a computational homogenization technique, wherein periodic boundary conditions were applied. This procedure was described in Gereke et al. (2012) and Michel et al. (1999) . In wood composites where resin penetration into the wood cellular structure (lumen) is possible, an interface layer (wood with penetrated resin into the lumen) may also be considered. The properties of this interface layer can be estimated by assuming that the lumen is partially filled with resin.
It should be noted that due to the last assumption (hexagonal cellular microstructure), the accuracy of this model diminished at higher compaction levels. As the compaction level increases, the cellular structure of the strands may not be represented accurately by hexagonal cells. Gibson and Ashby (1999) proposed the following equations to predict the properties of different wood species based on their density:
Analytical approach
As an alternative to the numerical method, the above equation may be employed to predict the strand's Young's modulus in the longitudinal direction, E L s , of strand knowing the strand density, q s , solid cell wall density, q cw , and cell wall axial Young's modulus, E L cw . The coefficient C 2 is a parameter which has been found to be close to unity for most wood species (see Gibson and Ashby 1999) . Other moduli were calculated based on the ratios of the strands' Young's modulus in the longitudinal direction to their value for a given species. These ratios can be found in the Wood Handbook (Forest Products Laboratory 1999). In the current framework, these ratios were assumed to remain constant during compaction.
Validation
In this section, predictions of both the numerical and analytical approaches for elastic moduli of normal wood strands are compared with reference data given in the Wood Handbook (Forest Products Laboratory 1999). The cell wall layers' elastic and geometrical properties used for the numerical approach are listed in Tables 1 and 2 , respectively. The elastic properties listed in Table 1 were taken from Qing and Mishnaevsky (2009) . Note that for the S1, S2 and S3 layers, constant MFA angles of 70°, 80°and 15°have been implemented within the local coordinate system in the finite element code. These angles are consistent with experimental values reported in literature (see Gereke et al. 2011) . Figure 3 shows comparisons between the model predictions and experimental values for the longitudinal Young's modulus of both softwood and hardwood species. Due to the variability of different microstructural parameters for different wood species (e.g. cell wall dimensions, MFA), statistical parameters similar to the ones used by other researchers (e.g. Hofstetter et al. 2005 ) have been employed. To measure the relative agreement between model predictions and experimental data, the relative error (" e) between the two, as well as the correlation coefficient (r 2 ), was calculated and is shown in Fig. 3 . Results show fairly good agreement between the predicted strands' properties (both numerically and analytically) and experimental data from the Wood Handbook (Forest Products Laboratory 1999).
Comparisons for other elastic moduli are shown in Fig. 4 . For clarity, only results for selected softwood species (pine and spruce) are presented. Although there are good agreements between the model predictions and experimental data for longitudinal Young's moduli, the numerical and analytical models are not able to predict other moduli with the same level of accuracy for all wood species. Large errors in prediction of transverse Young's moduli and shear moduli were also noted by other researchers (Hofstetter et al. 2005 ). This could be attributed to inaccurate representation of cell wall geometry. As stated by Qing and Mishnaevsky (2009) , the longitudinal Young's modulus of wood is less dependent on cell geometry.
For compacted strand properties at low compaction levels, analytical equations based on Eq. (13) proposed by Gibson and Ashby (1999) were used. To show the validity of the analytical approach, a wood strand with cellular properties of a uniform, regular hexagonal microstructure was chosen. Elastic moduli of this strand, estimated by both numerical and analytical approaches, were compared. Figure 5a shows the excellent agreement between predictions of the analytical equations proposed by Gibson and Ashby (1999) and the numerical estimates for all longitudinal moduli. However, there are discrepancies between numerical and analytical predictions for the transverse properties. Note that due to the special symmetries in the geometry of regular hexagonal cells, the in-plane properties are isotropic, i.e. E R = E T and G LR = G LT .
The results shown in Fig. 5 correspond to a wood strand with simplified microstructure and isotropic solid cell wall properties. In reality, wood strands have Gibson and Ashby (1999) . For other moduli of different wood species, coefficients have been introduced. These coefficients were determined empirically for different wood species [e.g. see Gibson and Ashby (1999) ] and used here (see Table 3 ). In the numerical approach presented above, the hexagonal cellular microstructure of wood was assumed to be preserved during compaction. Although this may seem to be an unrealistic assumption at high compaction levels (e.g. on the face of OSB panels), it will suffice to establish a framework for predicting MOE properties of OSB panels. This is due to the fact that the strand's longitudinal modulus makes the highest contribution to the final MOE compared to other moduli.
Meso-mechanical step
In the meso-mechanical step, a unit cell of the material at the meso-scale (Fig. 6b ) was identified. It was assumed that the material has a periodic microstructure at this scale and the properties of the constituent compacted strands were obtained from the previous step based on the compaction level (Fig. 7) . Resin area coverage, strand and resin thicknesses were obtained from the preprocessing step. Resin mechanical properties were modified using the resin area coverage to incorporate the effect of voids in the analytical approach. In the numerical approach, voids may be taken into account either by incorporating void elements or using equivalent resin properties [similar to the analytical approach, see Malekmohammadi et al. (2013 Malekmohammadi et al. ( , 2014 ].
Having determined the required parameters for a unit cell of the material at the meso-scale, the unit cell effective properties (corresponding to strands that are fully aligned with the panel longitudinal direction) were calculated. In order to consider Fig. 4 . Other elastic moduli may be calculated using the coefficients representing their value with respect to the longitudinal Young's modulus (Forest Products Laboratory 1999) the effect of strands with different sizes, resin area coverage or resin thickness, the effective properties of several unit cells needed to be calculated and used in the next step of analysis (macro-mechanical step).
Numerical approach
The numerical approach employs the methodology previously presented in Gereke et al. (2012) for the unit cell and, for the sake of brevity, its description is not repeated in this paper.
Analytical approach
The same unit cell as the one employed in the numerical approach has been used here. However, using the principles of classical micro-mechanics, the engineering constants for this unit cell were estimated. The closed-form analytical equations employed for estimating the effective properties of the material unit cell at the meso-scale are given in Malekmohammadi et al. (2014) . It should be noted that these equations were derived for fully covered strands. For partially resin-covered strands, the equations were modified by introducing the concept of equivalent resin properties. The methodology has been described and validated elsewhere [see Malekmohammadi et al. (2013 Malekmohammadi et al. ( , 2014 ]. In order to estimate the properties of a partially covered strand with resin area coverage of R a , the resin shear and Young's moduli were replaced by their equivalent values obtained from:
As shown previously by Malekmohammadi et al. (2013) , these equations could be used for a wide range of resin properties (e.g. different types of resin). A detailed comparison between the results of the analytical and numerical approaches has already been presented in Malekmohammadi et al. (2014) and therefore will not be repeated here.
Macro-mechanical step

Orientation distribution
Strands are not fully aligned in most strand-based wood composite products (Fan and Enjily 2009; Forest Products Laboratory 1999; Shaler and Blankenhorn 1990) . Having determined the properties of the material unit cell at the meso-scale (a strand covered fully or partially with resin), the strand orientation also needed to be incorporated in the computational scheme. For this purpose, the panel was divided into several thin layers and idealized by combining many unit cells with the same resin thickness as shown in Fig. 8 . Each layer consisted of several unit cells having the same density and same wood species (different wood species may also be considered in the later versions of the code) and distributed with a specific distribution function for the strand orientation.
Local and global coordinates were defined in a way that the local coordinate system {1, 2, 3} of the strands aligned with the panel longitudinal direction, coincided with the panel global coordinate system {x, y, z} (see Fig. 9 ). The strand orientation distribution may vary throughout the thickness of the strand-based wood composite product. It has been assumed that strands in each layer were compacted with the same compaction ratio.
The effective stiffness matrix of each layer in the global panel coordinate system has been estimated through averaging of the stiffness matrix of unit cells orientated at different angles using:
where C ½ h j is the transformed stiffness matrix of a unit cell with orientation of h j and calculated as: Mathematical expressions for the transformation matrices, [T 1 ] and [T 2 ], can be found in standard textbooks on mechanics of composite materials (e.g. Reddy 2003 ). In addition, w j is the volume fraction of the jth strand in a single layer and P n j¼1 w j ¼ 1. The effective properties of each angled unit cell were estimated through the transformation matrix. A similar approach has been proposed in the literature for estimating effective properties of braided (Ayranci and Carey 2008) , short fibre (Laspalas et al. 2008 ) and woven (Sankar and Marrey 1997; Shrotriya and Sottos 2005; Vandeurzen et al. 1996) composites. For panels with mixed species, a species distribution function in addition to orientation distribution function may be defined to incorporate the effect of different species.
A panel may be considered as a multi-layer laminate with known layer effective engineering constants according to the panel VDP (see Fig. 9 ). The effective engineering constants of each layer were calculated from the effective stiffness matrix.
Flexural modulus
Estimation of the MOE based on the ASTM standard D1037-06a (ASTM D1037-06a 2006) requires an accurate value for the total deflection, d, which for a panel of length L subjected to three-point bending by a load P can be written as the sum of the flexural and shear contributions as follows:
where (EI) eff and (GA) eff are the effective bending and shear rigidities, calculated by integrating the Young's and shear moduli through the beam cross-section, respectively. In deriving Eq. (18), first-order shear deformation laminated plate theory (FSDT) has been used. In this theory, the transverse planes do not necessarily remain normal to the plate mid-surface during deformation. Therefore, shear strains are nonzero and shear deformation is considered. However, in this theory, as a first-order approximation, transverse shear strain was uniform through the thickness of the laminate. This assumption is unrealistic and will generate errors (Reddy 2003) . In order to compensate for this assumption, a shear correction factor, j, was introduced (Birman and Bert 2002; see Eq. (18) ).
For a general laminate, the shear correction factor, j, depends on layers' properties and their configuration. This factor was determined as the ratio of the transverse shear strain energy in the FSDT, U f , to the actual transverse shear strain energy, U a (see Reddy 2003) :
The two shear strain energies were calculated based on the transverse shear stress as follows:
where A is the cross-sectional area and e s xy is the average shear stress (transverse shear stress in FSDT), which is constant throughout the panel. The average shear stress, e s xy , was calculated based on the applied load P, width, b, and thickness, t, of the panel:
In order to determine the transverse shear stress, s xy in Eq. (21), a simple analytical approach (based on laminated beam theory) provided in Birman and Bert (2002) was employed.
Results and discussion
Experimental data Chen et al. (2010) conducted an extensive and detailed experimental study on oriented strand board (OSB) properties. In their study, the influence of panel density on MOE and modulus of rupture (MOR) of OSB made from aspen strands, in both parallel and perpendicular directions, was investigated. Panels manufactured for this purpose were from commercial aspen strands with average dimensions of 108 mm 9 14.25 mm 9 0.69 mm and face-to-core weight ratio of 1.5. The core strands were oriented perpendicular to the face strands. Strand mats were handformed, and a hot press with a platen temperature of 205°C was used to press them. Manufactured panels consisted of strands, fines, resin and slack wax. The composition of the panel on the weight percentage basis is given in Table 4 . Note that the values are the overall values and vary through the layers depending on the layer compaction ratio.
Panels with the same size of 711 mm 9 711 mm 9 11.1 mm and an overall density ranging from 449 to 705 kg/m 3 were manufactured and tested for several panel properties such as MOE and MOR, in both parallel and perpendicular directions. Here, the experimentally measured values for MOE in both directions were used to validate the multi-scale modelling predictions. Panels with different vertical panel density profiles (Fig. 10) were examined for this purpose. The figure in Chen et al. (2010) was digitized to extract the point densities and reproduce the vertical density profiles used here.
MOE predictions
The experimentally measured values for MOE by Chen et al. (2010) were compared with the multi-scale framework predictions in this section. For this purpose, the input parameters listed in Table 4 were used in the current multi-scale model. A MC of 7 % was assumed to be constant throughout all panels. It should be noted that no data on orientation distribution of strands were reported in Chen et al. (2010) . However, based on some experimental studies on commercial panels and experimental results reported for strand distribution of OSB panels, a normal orientation distribution with a mean value of 0°and standard deviation of 30°was employed. These values resulted in MOE predictions which match with experimental data both in the parallel and in perpendicular directions. Parallel refers to the case where strands in the face layer are parallel to the beam longitudinal axis. It was assumed that strands in the face and core layers are placed in the forming mat following a single methodology. Therefore, a single distribution function was sufficient for both face and core layers.
Results of the multi-scale modelling predictions (using both numerical and analytical approaches) and the reported experimental data are compared in Fig. 11 . Reasonable agreements between model predictions and experimental data were observed in both parallel and perpendicular directions. The capability of the framework in estimating the MOE of OSB panels having a wide range of overall panel densities justifies the validity of approximations and assumptions made in the analytical approaches at all three levels: micro-, meso-and macro-scale. It should be emphasized that in this paper, the validity of the current modelling methodology has only been examined for OSB panels. Validating the current multiscale framework for other wood composite products requires an extensive set of experimental data for those products which may be of interest in future studies.
Applications to optimization of OSB panels
There are many parameters which affect the vertical (through-thickness) density profile of the manufactured OSB panels. VDP along with some parameters such as mechanical properties of the resin and strands, strand orientation distribution, fines content and MC all contribute to the structural behaviour (e.g. MOE) of OSB panels.
Using the analytical version of the multi-scale framework, the optimized VDP of the OSB panels can be obtained to maximize the MOE for a desired overall panel density. Availability of an analytical tool which can be implemented in an easy-touse environment such as Microsoft EXCEL Ò enables OSB manufacturers to optimize the VDP of their products easily. For this purpose, the following steps were followed:
• Mathematical relations between elastic properties of each layer, including Young's modulus, shear modulus and layer densities of the panel, were assumed. These relations can be obtained using the analytical equations presented in the micro-and meso-mechanical steps. For this purpose, estimates of elastic properties were generated with these equations for a wide range of layer densities and fitted with polynomial functions.
• Using the above relations and assuming an arbitrary VDP (a polynomial function), distributions of Young's and shear moduli along the thickness of the panels were obtained. Fig. 11 Comparison between current predictions (both analytical and numerical) and experimental results for MOE in a parallel and b perpendicular direction. Predictions using the numerical approach (at micro-and meso-scale) and the analytical approach (at all three scales) are shown with hollow squares and filled circles, respectively
• These moduli distributions were used to obtain the MOE of the OSB panels based on the formulation of the three-point-bending test to calculate the displacement, d, as in Eq. (18).
A computer code was developed to find the coefficients of the assumed polynomial function representing the density profile of the panel such that the MOE obtained from the multi-scale framework is maximized, or the overall panel density is minimized for a given panel MOE. An optimized VDP obtained using the OSB optimization code developed in a spreadsheet (EXCEL Ò ) environment is depicted in Fig. 10 with a dashed line for comparison with as-manufactured VDPs. It is worth noting that the optimized density profile can be used as a guideline in the manufacturing process to improve the mechanical properties of the wood composite products.
Limitations of the current modelling framework
Certain assumptions were made in developing the current framework which somewhat limits its use in general applications. Some of these limitations are highlighted below.
In the multi-scale modelling framework developed for strand-based wood composites, variations of the MC and temperature have been ignored. Incorporating these effects can enhance the capability of this framework in modelling the behaviour of wood composite structures under different environmental conditions.
The constituents' properties were assumed to be elastic in the work presented here. However, by characterizing the viscoelastic properties of the constituents, mainly the resin and the wood strands, the creep behaviour of wood composite structural members such as PSL beams can also be predicted. This requires extensive experimental work on the resin material and the wood itself which may be time consuming. However, once the framework has been validated for creep modelling, it can be used in optimization of wood composite structural members taking into account their creep behaviour.
Strength properties of OSB panels and their damage behaviour have not been considered in the development of the proposed multi-scale framework. With the numerical version of the multi-scale modelling approach, it is conceivable to consider the stress at a point in a wood composite panel during a concentrated static load (CSL) test and use reverse micromechanics (de-homogenization) to calculate the corresponding stresses in the individual constituents, namely the resin and the strand. This provides a level of detail that would allow simulations of damage where one could apply different failure criteria to the resin and the strand. However, the elastic response of the material is one of the key inputs for such simulations, and the current work enables prediction of these elastic properties. It should be emphasized that the availability of experimental data is essential due to the variability of the parameters influencing the strength properties of OSB panels. Availability of a predictive tool helps reducing the sets of experiments that need to be conducted for development and optimization of new engineered wood composite products.
Conclusions
A multi-scale framework has been developed and presented in this paper for modelling the mechanical properties of strand-based wood composites based on their micro-structural features. Several parameters were considered including wood species and their combination; strand dimensions, orientation, compaction and density profile; resin type, content, and distribution; wax, fines and void contents; and face-to-core weight ratio.
The framework is based on analytical equations derived from the fundamentals of micro-mechanics. This would enable the optimization of the panel properties based on microstructural features with fewer experiments. Moreover, the analytical equations can easily be incorporated in reliability analysis software to enable stochastic modelling of quantities of interest.
Numerical simulations as well as experimental data were used to validate the accuracy of the developed analytical framework. Reasonable agreements were found between the current model predictions and the experimental data. Although the capability of this framework is only presented for the MOE of OSB panels, a similar approach can be used for other strand-based wood composite products such as PSL and OSL. However, relevant experimental data will be required to validate the presented framework for other wood composite products.
